The effect of rotating white dwarf envelopes in determining the structure of nova shells is examined. This is achieved by numerical hydrodynamic simulations of the flows around a binary star system. In previous studies of remnant formation, this rotation has not been included.
I N T R O D U C T I O N
Classical novae occur in semidetached systems containing a white dwarf (WD) primary accreting material from a Roche lobe-filling main-sequence secondary. The nova outburst is caused when nuclear burning at the base of the accreted envelope of the WD commences in degenerate conditions. The outburst ejects #10 24 M ᖿ of matter from the WD surface with velocities of 100-1000 km s 21 driven by radiation pressure (see, e.g., Bode & Evans 1989 ). Theoretical models indicate that wind velocity increases with time, whilst the mass-loss rate decreases with time (Kovetz & Prialnik 1994; Kato & Hachisu 1994; . The fast wind sweeps up the slower moving wind into a shell, similar to the interacting winds scenario for PN formation (Kwok 1982) . This shell is observed in the optical several years after outburst, and often contains equatorial rings and caps (see Slavin, O'Brien & Dunlop 1995) .
Observations of nova remnants indicate and enrichment of CNO or ONe elements by up to a factor of 5 (e.g. Williams 1985; Truran 1985 Truran , 1990 . These heavy elements are thought to come from the WD itself, and therefore some mixing must take place between the accreted matter and the WD matter. However, it is not well known whether the dominant mixing process is one of particle diffusion (see, e.g., Prialnik & Kovetz 1984) or of sheer mixing (e.g. Kippenhahn & Thomas 1978 , and see below; also see Fujimoto & Iben 1992) .
During quiescence, the WD primary accretes matter from the secondary via an accretion disc. The accreted matter is rotating very close to the Kepplerian velocity, and must lose energy to settle on to the WD surface. The evolution of a WD accreting angular momentum has received less attention than a spherically accreting star. In the latter case studies by, for example, Prialnik & Kovetz (1984) and Kovetz & Prialnik (1985 , 1990 have reproduced many of the observed features (see, e.g., the reviews by Starrfield 1989 and Harkness 1989) . In the former, stability criteria of the rotating layers drive the calculation of the angular momentum distribution and the consequent shear mixing (Kippenhahn & Thomas 1978; , 1989 Fujimoto 1988 Fujimoto , 1993 Chiueh 1996) . Kippenhahn & Thomas (1978) , MacDonald (1983) and have discussed the accretion 'belt' on WDs and found that shear instabilities mixed the accreting material with the WD matter, a process that conserves anglar momentum but not rotational kinetic energy. The net result of the accretion was distribution of angular momentum throughout the outer layers of the WD, possibly leading to a fast rotating envelope. Another effect of this shear-induced mixing is that the equatorial regions of the WD envelope become enriched with heavy elements from the WD interior with respect to the polar regions, as the shear velocities are greatest in the equatorial plane.
Some light may be shed upon the physical effects operating during the accretion phases of the pre-outburst WD by examining the remnants of nova explosions. Studies of the shaping mechanisms of nova shells have been performed by Livio et al. (1990) and Lloyd, O'Brien & Bode (1997) , finding that the effect of the secondary is important in transferring orbital angular momentum and energy to the ejecta. This extra energy input does indeed generate aspherical shells, although Lloyd et al. find that the shells produced are oblate, whereas the observed nova shells tend to be prolate (Slavin et al. 1995) . The effects of rotating WD envelopes on the nova remnants has been discussed by Fielder & Jones (1980) , who suggest that the resulting remnants should be oblate. Their model assumes that material not ejected from the poles of the WD receives an additional acceleration due to its angular momentum. This is, however, a flawed argument, because the angular momentum of the envelope acts in a different way.
Here the effects of the accreted angular momentum on the production of asphericity of the nova shell are investigated. Starting with an identical model to that used by Lloyd et al. (1997) , hydrodynamic simulations are performed using a realistic angular momentum and mass-loss prescription. In Section 2 the angular momentum distribution around the WD is presented, along with a prescription of the meridional variation of mass-loss rate and velocity of the nova outburst. Numerical hydrodynamical simulations are performed in Section 3, illustrating the effects of this variation, and the results are discussed in Section 4.
R O TAT I N G W H I T E DWA R F E N V E L O P E S
Following Kippenhahn & Thomas (1978) and , the specific angular momentum j:rv sin 2 (where v is the rotational velocity) of the mixed atmosphere follows the relationship
where j 0 is the specific angular momentum of the accreted material, taken to be the Keplerian value
1/2 , R WD and M WD are the radius and mass of the WD, and G is the gravitational constant..
The dependence of f (r, /2) (the value in the equatorial plane) is displayed in fig. 1 of Kippenhahn & Thomas (1978) as a function of envelope mass, and is given analytically in more general conditions by Kutter & Sparks (1987, equation 10b) .
The mass of the envelope of the WD, M env , at the initiation of the outburst is given by #1 M ᖿ , the WD envelope may be rotating with a velocity that is a significant fraction of the Keplerian value.
The meridional functionality of f (r, ) is given by at the end of the accretion phase (immediately before the onset of thermonuclear runaway) to vary as f (r, ):f (r, /2) sin 4 .
The effect of the rotation on the WD atmosphere is to lower the effective gravity. This may be expressed as a change in the effectiveness of the WD, viz.
where ( ) is the ratio of centripetal to gravitational acceleration:
Inserting equations (1) and (3) into the above leads to
The above assumes that the WD is not rotational; if it is rotating, then there will be less shear between the accreted matter and WD matter. For example, in the nova DQ Her, a period of 71 s has been identified with the rotation of the WD (Walker 1956 ), giving it a velocity of around 15 per cent of its Keplerian value (Zhang et al. 1995 derive a period of 104 s, giving it a velocity of #10 per cent). This would inhibit the mixing, although it will probably have little effect on the typical magnitude of f (a study of matter settling on to the WD with less than the Keplerian angular momentum was undertaken by ).
Meridional variation of mass-loss rate and velocity
Nucleosynthesis begins on the surface of the WD once the pressure becomes larger than P crit . The energy generated in the nucleosynthesis then drives the wind, which is typically optically thick until beyond the critical point in the flow (see, e.g., Kato & Hachisu 1994) . It is at the critical point (which for these winds is equal to the sonic point) that the mass-loss rate is fixed. The flow is optically thick at the critical point, and so the mass flux will be in equipartition with the radiation field (Bath & Shaviv 1976) . Therefore
where Ṁ is the mass-loss rate, and L is the luminosity.
In the intial stages of the outburst, a convection zone is generated in the envelope reaching to the surface, although by the time the wind initiates, the convection zone disappears (see fig. 2 in Prialnik 1986 ). The envelope therefore comes into radiative equilibrium. As the temperature scaleheight in a rotating envelope is smaller in the polar regions than in the equatorial regions, the radiative flux is also different, leading to a gravity-darkened star (von Zeipel 1924) . The flux, which is responsible for driving the flow, is then proportional to the local effective gravity g eff , and so equation (7) must be amended by replacing the luminosity with the local flux, F ( ). The radius of the WD is assumed to be constant, r:R WD , in the envelope (although the scaleheights in the envelope depend on , the absolute radii for all are very similar), and so the local flux is
where F p is the flux at the pole. From equation (7), the definition of the local effective mass from equation (4) and the replacement of the luminosity by the local flux from equation (8), the local mass-loss rate Ṁ ( ) can be calculated:
The momentum of the wind is approximately equal to the radiative momentum, which is proportional to the local flux. Therefore the product of the local mass-loss rate and terminal velocity of the wind, v e , is proportional to the local flux, and hence
Note that, historically, equation (7) has been used to state that the mass-loss rate is (i) independent of the mass of the WD, and (ii) proportional to the radius of the WD (Bath & Shaviv 1976) . Here neither of these statements is challenged: the mass of the WD does indeed set the luminosity, through the temperature and density at the point at which P:P crit . The rotation of the envelope in the equatorial plane ensures that it is less well bound to the WD than at the poles. Hence it requires more radiative energy per unit mass in the polar directions than in the equatorial plane to produce the same net acceleration. For a given amount of input ratiation, therefore, more mass will be lost in the equatorial plane than over the poles.
In line-driven winds from rotating hot stars a similar condition is found, in the Ṁ v e depends only weakly on rotation (e.g. Friend & Abbott 1986), and hence on effective mass of the star. In that case, however, the critical point is located where the flow velocity is equal to the velocity of radiativeacoustic waves (Abbott 1982) , and not at the sonic/purely acoustic point as in nova winds.
H Y D R O DY N A M I C S I M U L AT I O N S
To assess the effect of the angular momentum on the formation and geometry of the nova remnant, the above prescription was implemented in a numerical hydrodynamic code. The numerical code utilizes a second-order Godonuv scheme due to Falle (1991) to solve the hydrodynamic equations. Aside from adding the prescription for the meridional variation of the mass-loss rate and velocity given in Section 2, the code is unchanged from that used by Lloyd et al. (1997) , and it is described there,along with the numerical specifications.
The mass-loss rate and velocity are assumed to change with time in the following manner:
with the mass-loss rates, velocities and times given in Table 1 . The model parameters are given in Table 1 , and are identical with Run 2 of Lloyd et al. (1997) . As was pointed out in Lloyd et al. (1997) , the values of t 0 and t 1 do not correspond to values appropriate for even the fastest novae. However, once the dimension of the shell becomes large compared to the binary separation, the shape of the remnant will have been defined, and so the morphology of the remnants will be reliable.
Three simulations have been completed with f (R WD , /2):0.0 (identical with Lloyd et al.'s Run 2), 0.5 and 0.7 to assess the effects of the rotating WD envelope. In all the runs, a bow-wave-like structure (or cone) is initially formed around the secondary star (the binary separation is 9.8 10 10 cm), whilst the 'slow' wind persists. This is due to the expansion of material heated by the 'drag luminosity' of the secondary (see Livio & Soker 1988) . The effect of the rotation is immediately obvious: the opening angle of the bow wave increases as the WD envelope rotation increaes due to the decreasing velocity near the secondary. This allows the wind in this region to be much more affected by the drag luminosity.
Results
The density fields at a model time of 1.2 10 5 s are also shown in Fig. 1 . Once the fast wind blows into the doubleOn the asphericity of nova remnants 945 © 1998 RAS, MNRAS 296, 943-948 cone structure, the slow wind is swept up into a shell, and the cones swept up into two tropical rings (see Lloyd, O'Brien & Kahn 1995) . As the cone opening angle decreases, the position of the two rings changes. They are located toward higher latitudes in the shell with increasing f (R WD , /2). The polar regions of the shell remain unchanged throughout the sequence of models. The WD atmospheric rotation has no effect in these directions, but it has an increasing effect toward lower latitudes. The axial ratio of the shell is changed as its 'waist' propagates less far for higher envelope rotations. Synthetic images have also been created by integrating the square of the gas density along the a grid of lines of sight inclined at 25° to the observer, and are shown in Fig. 2 should represent the appearance of optically thin emission from transitions in which the emission coefficient is proportional to the density squared.
It can be seen from both Fig. 1 and Fig. 2 that the geometry of the nova shell may be changed drastically with the inclusion of the WD envelope rotation. Clearly, prolate shells may be produced with tropical rings at high latitudes for fast envelope rotation. Note also that a distinct waist is created in the models rotating most rapidly. These features are seen in the shell of DQ Her, for example (Slavin et al. 1995) .
D I S C U S S I O N A N D C O N C LU S I O N S
The scenario used above also represents a slight deviation from the usual interacting-winds model of nebulae of Kwok (1982) . The asphericity of the wind has a large effect on the shaping of the final nebula, as can be seen from Fig. 1 . It is noteworthy that a similar scenario using an aspherical fast wind has recently been suggested for the nebulae surrounding luminous blue variables (Frank 1997) .
The above results illustrate that the angular momentum of the accreted material and its effect on the WD must be taken into account in performing simulations of nova remnants. The images calculated from the simulations are typically prolate in nature, bringing them more into line with observations (Slavin et al. 1995) . The results seem to suggest that shear-induced mixing is taking place, in that the angular momentum of the envelope cannot be ignored, although this does not necessarily point to shear-induced mixing as the dominant process for chemically enriching the nova ejecta. Evidence of abundance gradients has been provided by UV observations of nova shells (Evans et al. 1992) . Also, there is evidence of both carbon-and oxygen-rich dust in the same object (Bode 1995 , and references therein), although how this differentiation is achieved is unclear.
An opportunity now exists with the advent of high-resolution, narrow-band imaging and spectroscopy for addressing the mixing problem. If convection or particle diffusion is the prime mechanism for mixing the accreted and WD material, then the composition of the nova remnant should be largely homogeneous, and no strong composition gradients should be seen in remnant images. However, if shear mixing is more prominent, then there should be composition changes in the remnant, as there will be more mixing in the accretion 'belt' where the shear is largest.
High spatially resolved images of the sort now attainable from both ground-based (see Slavin et al. 1995) and spaceborne (Gill & O'Brien, in preparation) facilities should provide an observational answer to the composition problem. Simulations such as those reported here could also track material of different composition, and hence produce synthetic images at different wavelengths, although this extension to the above modelling then requires a much more sophisticated method for calculating emission from different elements. It should also be noted that the modelling here still does not completely reproduce the observations, in that they do not generate an enhancement in the orbital plane, a common feature in nova remnants (Slavin et al. 1995) . However, whether this feature is indeed an enhancement in density is not certain (Gill & O'Brien, in preparation) . These results clearly show that the conditions on the WD, and the treatment of the binary, are now being well represented.
That the conditions on the pre-outburst WD and the mixing processes may be determined from the nova remnant is now an exciting possibility.
On the asphericity of nova remnants 947 © 1998 RAS, MNRAS 296, 943-948 Figure 2 . Synthetic images of the simulations shown in Fig. 2 . The symmetry axis is inclined at 25° to the observer.
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